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Concurrent  with  experimental  efforts,  an  analytical  approach  has  been 
developed  and  used  to  predict  SCOD  for  Mode  I  surface  microcracks  based  on 
crack  geometry.  Correlation  with  Independent  results  for  macrocracks 
and  values  for  microcracks  measured  in  this  program  are  excellent.  In 
addition,  an  existing  computer  program  has  been  successfully  used  to  predict 
SCOD  of  corner  cracks  in  the  absence  and  presence  of  an  Imposed  compressive 
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FOREWORD 


The  research  reported  herein  was  conducted  by  Southwest  Research 
Institute  of  San  Antonio,  Texas,  under  Contract  N00014-78-C-0674.  The 
report  summarizes  work  accomplished  during  the  period  August  1979  through 
July  1980.  Dr.  Bruce  MacDonald  was  the  ONR  Program  Manager.  The  work 
was  conducted  under  the  general  supervision  of  Dr.  Gerald  R.  Leverant, 
SwRI  Project  Manager,  with  assistance  from  Mr.  John  E.  Hack,  who  acted 
as  Principal  Engineer.  Special  acknowledgement  is  due  to  Dr.  David  L. 
Davidson,  who  conducted  the  in-situ  loading  experiments  in  the  SwRI  SEM 
and,  along  with  Dr.  James  Lankford,  offered  many  pertinent  suggestions. 
The  assistance  of  Mr.  Harold  Saldana  in  the  performance  of  the  X-ray 
stress  measurements  and  in  sample  preparation  was  greatly  appreciated. 
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I.  INTRODUCTION 


Fatigue  cracks  in  metals  generally  nucleate  at  or  near  a  free  surface. 
Since  initial  growth  rates  of  microcracks  are  very  low  i~  10~^  In/cycle), 
fatigue  cracks  spend  a  significant  portion  of  their  lifetime  in  the  near 
surface  region.  Thus  the  residual  stress  state  at  the  surface  produced 
by  common  mechanical  and  thermal  processing  can  have  a  marked  effect  on 
the  fatigue  behavior  of  a  material.  This  report  details  current  results 
of  an  ongoing  program  to  quantify  the  relationship  between  surface  condition 
and  fatigue  microcrack  growth. 

The  objective  of  this  program  is  to  quantify  the  effects  of  surface 
residual  stresses  on  surface  crack  opening  displacement  (SCOD)  behavior. 
Since  COD  is  directly  related  to  crack  growth  rate  (1,2),  this  data  can 
be  used  to  correlate  surface  residual  stress  state  and  fatigue  behavior.  A 
loading  stage  which  operates  in-sltu  in  an  SEM  is  being  used  to  generate 
SCOD  vs.  load  data  for  microcracks  in  Ti-6A1-4V  and  HY130,  a  high  strength 
structural  steel. 

Current  results  of  experimental  observations  are  presented  herein 
which  compare  SCOD  behavior  in  the  absence  and  presence  of  a  compressive 
residual  stress  field.  In  addition,  the  initial  results  of  attempts  to 
analytically  model  SCOD  vs.  load  behavior,  based  on  crack  tip  stress 
intensity,  are  also  presented.  Surface  microcrack  opening  behavior,  ex¬ 
perimentally  measured  during  the  previous  contract  year,  has  been  succes- 
fully  predicted  for  Mode  I  opening  by  this  approach.  Also,  the  effects  of 
residual  stresses  on  corner  crack  opening  have  been  accurately  predicted 
using  a  boundary  integral  technique. 
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II.  DIRECT  OBSERVATION  OF  SCOD  VS.  LOAD  BEHAVIOR 


A.  Experimental  Procedure 

Experiments  were  continued  on  Ti-6A1-4V  and  begun  on  an  HY130  steel 
alloy.  The  T1-6A1-4V  material  was  machined  from  the  rim  portion  of  a 
pancake  forging  that  was  forged  at  1241  K  in  the  a/B  phase  field,  annealed 
for  one  hour  at  1227  K,  water  quenched  and  then  aged  at  977  K  for  two  hours. 

The  resultant  microstructure,  shown  in  Figure  1,  consisted  of  primary  a 
particles  embedded  in  a  matrix  of  transformed  B  (Widmanstatten  a)  with  an  a 
particle  size  of  approximately  14y.  Figure  2  shows  the  structure  of  the  HY-130 
steel  which  was  supplied  as  rolled,  quenched  and  tempered  two-inch  thick 
plate.  The  alloy  compositions  are  summarized  in  Table  I. 

A  cantilever  beam  fatigue  specimen  was  used  to  promote  surface  crack 
initiation.  Figure  3  shows  the  tapered  gage  section  which  yields  a  constant 
stress  over  the  entire  gage  length.  It  can  be  seen  from  the  figure  that  slots 
are  incorporated  in  the  grip  sections  to  allow  for  fixturing  the  specimen  into 
the  SEM  loading  stage  after  the  initiation  of  cracks  in  a  bending  rig. 

The  SEM  loading  stage,  developed  at  SwRI  (3),  is  shown  in  Figure  4.  The 
stage  is  capable  of  cyclically  loading  a  sample  in  tension-tension  at  loads 
up  to  3800  newtons  at  frequencies  ranging  from  0  to  5  Hz  while  maintaining  the 
area  of  Interest  within  the  viewing  screen  of  the  SEM  and  in  focus.  Crack 
behavior  can  be  videotaped  and  replayed  for  analysis  of  crack  opening  displace¬ 
ment  response.  In  addition,  samples  can  be  statically  loaded  in  tension  at 
loads  up  to  4900  newtons. 

Additional  samples  of  the  Ti-6A1-4V  alloy  were  machined  and  shot-peened 
to  an  intensity  of  .OllA.  The  gage  sections  of  two  specimens  were  then 
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THE  MICROSTRUCTURE  OK  THE  Ti-6Al-4V  MATERIAL  USED  IN  THIS 
STUDY.  Tlie  microstructure  was  developed  by  forging  at 
1241  °K,  annealing  for  one  hour  at  1227‘’K,  water  quenching 
and  aging  for  2  hours  at  977°K. 
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TABLE  I 

ALLOY  COMPOSITIONS 


Material 


Ti-6Al-AV* 


HY-130** 


Element 

Wt .  Pet. 

A1 

6. 3-6. 4 

V 

4.3 

Fe 

0.10-0.18 

0 

0.17-0.18 

N 

0.013-0.015 

H 

0.005-0.006 

C 

0.12 

Mn 

0.6-0. 9 

P 

0.01 

S 

0.015 

Si 

0.20-0.35 

Ni 

4.75-5.25 

Cr 

0.4-0. 7 

Mo 

0.3-0.65 

V 

0.05-0.1 

Analyzed  Values 
Nominal  Values 
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FIGURE  3 .  CANTILEVER  BEAM  FATIGUE  SPECIMEN 
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metallographically  polished  back  to  different  depths  to  yield  different 
residual  stress  levels  on  the  two  specimens.  The  gage  sections  were  electro- 
polished  to  remove  any  effects  from  the  mechanical  polishing  on  the  residual 
stress  state.  An  HY-130  sample  was  machined  with  its  axis  parallel  to  the 
rolling  direction.  The  sample  was  then  peened  to  an  intensity  of  .OllA  and 
lightly  electropolished  in  the  gage  section  to  reveal  the  microstructure. 

Tliis  was  to  aid  in  locating  cracks  by  optical  microscopy. 

The  d  vs  sin*^  X-ray  technique  (4)  was  used  to  measure  the  residual 
stress  level  on  all  the  peened  samples.  A  computer  program  developed  during 
the  first  year  of  this  program  was  used  to  perform  a  second  degree  curve  fit 
to  the  intensity  vs  20  data  obtained  from  the  X-ray  stress  measurements. 

Enough  points  are  used  to  define  the  peaks  of  interest  at  =  0,  30  and  45°; 
then  the  peak  positions  and  d  spacings  are  calculated.  The  slope  of 
d  vs.  sin^;;'  is  obtained  and  used  to  calculate  the  residual  stress.  The  coefficient 
of  correlation  for  the  linear  curve  fit  of  the  d  vs.  sin^ip  is  generally  in  the 
order  of  95-99%  indicating  a  high  degree  of  accuracy  in  the  measurements. 

Profiles  of  residual  stress  gradients  were  obtained  by  measuring  the 
surface  stress  and  then  removing  a  small  amount  of  material  by  electropolishing. 
This  process  was  repeated  until  points  were  obtained  to  properly  define  the 
gradient.  Subsequently,  the  peak  position  and  residual  stress  values  obtained 
were  used  to  make  corrections  due  to  beam  penetration  and  the  relaxation  caused 
by  material  removal. 

A  0.2°  receiving  slit  and  a  3°  primary  beam  slit  were  used  for  all  measure¬ 
ments.  Ttu-  3°  primary  beam  slit  was  masked  with  a  127ii  thick  alpha  brass  foil 
to  restrict  the  height  of  the  beam  impinging  on  the  sample  surface  to  within 


the  thickness  of  the  gage  section.  No  Soller  slits  were  used  and  the 
measurements  for  all  peaks  were  performed  with  the  detector  at  the  focus 
position  for  each  peak.  Cu  Ka  radiation  with  a  Ni  filter  was  used  in 
conjunction  with  the  [213]  plane  of  alpha  titanium  for  the  stress  measurements 
in  Ti-6A1-4V.  Cr  Ka  radiation  with  a  vanadium  oxide  filter  was  used  in 
conjunction  with  the  [211]  plane  for  the  HY-130  steel.  The  values  of  E/(l+v) 
for  the  titanium  and  steel  alloys  were  8.96  x  10^  and  1.59  x  10^  MPa,  respectively. 

The  two  titanium  samples  (Ti-2  and  Ti-6)  were  precracked  in  bending 
within  the  strain  limits  of  0.45  ±0.45%  at  1  Hz.  All  testing  was  performed  at 
room  temperature.  Prior  to  examination  of  the  SCOD  behavior,  the  samples  were 
"shaken  down"  by  several  hundred  cycles  under  load  control  in  axial  tension  in 
the  SEM  stage.  Load  limits  used  were  =100-600  MPa  applied  at  3  Hz.  Both  static 
and  dynamic  measurements  of  the  SCOD  vs.  load  behavior  were  performed  on  the 
two  titanium  specimens.  In  addition,  one  of  the  titanium  specimens  was  stress- 
relieved  after  the  initial  measurements.  SCOD  vs.  load  behavior  was  remeasured 
on  the  specimen  to  gain  direct  evidence  of  the  effect  of  residual  stress  on 
crack  opening.  A  suitable  crack  for  SCOD  measurements  has  not  been  obtained 
on  an  HY  130  specimen  to  date.  The  HY  130  sample  described  previously  is 
currently  being  cycled  between  the  strain  limits  of  0.15  ±  0.25%. 

B .  Results  and  Discussion 

The  uncorrected  surface  values  of  residual  stress  are  presented  in  Table  II. 
As  can  be  seen  from  the  data,  the  two  titanium  specimens  differ  in  surface 
residual  stress  by  approximately  300  MPa,  although  both  samples  have  a  signi¬ 
ficant  amount  of  compression  at  their  surfaces. 

Tlie  crack  used  for  observation  in  both  Ti-2  and  Ti-6  ran  from  one  edge 
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TABLE  II 

UNCORRECTED  SURFACE  VALUES  OF  RESIDUAL  STRESS 


Sample 

Material 

Residual  Stress  (MPa) 

Ti-2 

T1-6A1-4V 

-550 

Ti-6 

Ti-6A1-4V 

-850 

HY-3 

HY-130 

-900 
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towards  the  center  of  the  specimen.  As  will  be  shown  later,  profiling  of  the 
cracks  proved  them  to  be  corner  rather  than  surface  cracks.  Micrographs  and  video 
tape  were  taken  at  the  center  of  the  crack  and  at  the  crack  tip  away  from  the 
edge  on  the  polished  face  of  the  specimen  at  several  loads  for  each  specimen. 

The  measured  SCOD  values  as  a  function  of  applied  stress  are  presented  for 
the  center  of  the  crack  In  Figure  5.  Any  effects  of  a  residual  opening 
have  been  subtracted  out.  In  both  cases  the  crack  remains  closed  until  the 
stress  reaches  approximately  300MPa.  After  that  point  the  SCOD  increases 
approximately  linearly  with  stress.  This  is  illustrated  in  the  sequence  of 
photographs  from  sample  Ti-6  in  Figure  6. 

Figure  7  shows  the  crack  tips  away  from  the  edge  in  both  samples  at 
maximum  load.  As  can  be  seen  from  the  figures,  the  tips  have  only  just  begun 
to  open,  even  at  loads  approaching  560MPa.  This  Indicates  that  the  residual 
compressive  stress  present  at  the  surface  of  the  two  specimens  is  strongly 
influencing  the  surface  CTOD  through  the  entire  loading  cycle. 

Figure  8  presents  a  comparison  of  the  SCOD  vs.  load  behavior  of  sample 
Ti-6  before  and  after  a  stress  relief  heat  treatment  conducted  at  540”C 
one  iuHir  in  vacuum.  As  can  be  seen  from  the  figure,  subsequent  to  the  stress 
relief  treatment,  crack  opening  begins  shortly  after  the  application  of  load. 

In  addition,  the  opening  increases  linearly  with  stress  as  soon  as  the  crack 
begins  to  open. 

Above  a  stress  of  approximately  350MPa,  the  SCOD  vs.  stress  curve  for  the 
stress-relieved  material  becomes  non-linear.  This  behavior  indicates  a  plastic 
yawing  open  of  the  crack  tip.  Such  opening  is  apparent  in  the  sequence  of 
photographs  in  Figure  9  which  contrast  the  surface  CTOD  in  sample  Ti-6  at  two 
loads  before  and  after  the  stress  relief  treatment.  The  photographs  show  that. 


a)  103MPa 


FIGURE  6 
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FUKIRE  8.  COMPARISON  OF  SCOD  BEHAVIOR  IN  Ti-6  PRIOR  TO 
AND  AFTER  STRESS  RELIEF. 
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a)  Crack  tip  opening  prior  to  stress  relief 
(3  408KPa. 


b)  Crack  tip  opening  after  stress  relief 
(3  408MPa. 


FIGURE  9.  CO.'fPARIRON  OF  CRACK  TIP  OPENING  IN  SAMPLE 
Ti-6  PRIOR  TO  AND  AFTER  STRESS  RELIEF. 


c)  (^rack  tip  opening  prior  to  stress 
relief  • 


-  pr 


d)  Crack  tip  opening  after  stress  relief 
@  559MPa 


FIGURE  9.  (continued) 
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while  the  crack  tip  in  Ti-6  in  the  shot-peened  condition  remains  closed  (or 
nearly  so)  throughout  the  entire  loading  sequence,  the  crack  tip  in  the 
stress-relieved  condition  begins  to  open  with  the  onset  of  non-linearity  in 
the  SCOD  vs.  load  curve  (Figure  8).  In  addition,  while  no  growth  occurred 
during  the  experiments  performed  on  the  two  samples  in  the  shot-peened 
condition.  Figure  9  shows  that  the  crack  in  Ti-6  did  propagate  across  several 
grains  (=40vj)  during  the  course  of  the  experiment  after  the  stress  relief 
treatment.  This  crack  growth  can  actually  be  observed  in  the  video  tape. 
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III.  PREDICTION  OF  SCOD  VS.  LOAD  BEHAVIOR 


A.  Comparison  of  Predicted  and  Observed  Surface  Microcrack  Opening 

As  reported  at  the  end  of  the  previous  contract  year  (5),  an  analytical 
approach  to  the  prediction  of  SCOD  behavior  of  surface  microcracks  was  developed. 
The  approach  was  based  on  the  use  of  closed  form  expressions  for  the  crack 
tip  stress  intensity  of  a  surface  crack,  as  given  by  Gray  (6).  The  approach 
was  successfully  applied  to  the  prediction  of  SCOD  of  a  5000|j  long  surface 
microcrack  from  independent  work  (7).  Although  general  predictions  on  microcrack 
behavior  were  obtained  at  that  time,  no  application  to  the  concurrently 
generated  microcrack  data  was  possible  due  to  a  lack  of  information  on  crack 
geometry.  This  information  was  obtained  during  the  current  contract  year  and 
was  used  to  test  the  applicability  of  the  approach. 

Figures  10-12  show  the  microcracks  used  in  experiments  during  the  previous 
contract  year.  It  will  be  recalled  that  very  little  or  no  surface  residual 
stresses  were  present  in  any  of  these  specimens.  Crack  geometries  were  obtained 
by  placing  several  microhardness  indents  of  known  geometry  near  the  cracks 
and  then  metallographically  polishing  the  sample  surfaces  until  the  cracks 
disappeared.  Crack  depths  were  obtained  by  following  changes  in  the  length  of 
the  Knoop  indents,  which  can  be  related  to  their  depth  by  a  factor  of  one- 
thirtieth  . 

Figure  13  shows  a  comparison  of  measured  vs.  predicted  behavior  for  two 
microcracks  in  a  surface  ground  parallel  to  the  stress  axis  of  the  specimen 
(Figure  12).  As  can  be  seen  from  Figure  13,  the  experimental  and  predicted 
results  match  up  very  well  for  these  cases.  Figure  12  shows  that  the  cracks 
are  quite  straight  and  perpendicular  to  the  stress  axis.  Since  the  analytical 
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approach  was  developed  on  the  basis  of  Mode  I  loading,  the  good  agreement 
between  theory  and  experiment  is  very  encouraging. 

Table  III  shows  a  comparison  of  data  for  all  the  microcracks  observed 
during  the  previous  contract  year  that  have  been  fully  analyzed  to  date. 

The  experimental  and  predicted  SCOD  values  given  represent  those  taken  at 
700MPa,  which  was  the  maximum  load  possible  before  gross  plasticity  occurred 
at  the  tips  of  the  cracks.  The  data  for  the  ground  specimen  are  the  same 
as  in  Figure  13.  However,  the  agreement  is  not  as  good  for  the  crystallo¬ 
graphic  cracks  observed  in  electropolished  specimens. 

In  the  case  of  the  200y  crystallographic  surface  crack  in  an  electro- 
polished  sample  (Figure  10),  the  predicted  value  ran  twice  that  observed  in 
the  SEM.  This  Is  probably  due  to  the  fact  that  the  mixed  mode  nature  of  the 
crack  would  tend  to  reduce  the  opening  normal  to  the  stress  axis  from  the 
value  obtained  for  a  pure  Mode  I  case.  Predicted  openings  for  the  63,  53, 

18  and  7u  crystallographic  cracks  in  the  second  electropolished  sample 
(Figure  11)  were  much  lower  than  those  actually  measured.  These  cracks  are 
on  the  order  of  or  smaller  than  the  primary  a  grain  size  (14)j)  in  at  least 
one  dimension.  Thus,  the  Mode  I  linear  elastic  fracture  mechanics  approach 
used  for  the  predictions  would  not  be  expected  to  hold.  Data  are  available 
on  very  small  cracks  in  several  engineering  alloys  which  show  that  cracks  on 
the  order  of  the  grain  size  deviate  from  crack  growth  behavior  for  macrocracks. 
Figure  14  shows  that,  in  the  case  of  a  mild  steel  and  an  aluminum  alloy, 
microcracks  grow  considerably  faster  than  large  macrocracks,  while  microcracks 
grow  more  slowly  in  a  N1  base  alloy  and  a  high  strength  steel. 
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B.  Prediction  of  Surface  Opening  of  Corner  Cracks  Under  the  Influence 
of  Residual  Stress 

Since  the  cracks  in  Ti-2  and  Ti-6  were  much  larger  than  those  pre¬ 
viously  studied  and  they  extended  to  the  specimen  edge,  small  portions 
containing  the  cracks  were  cut  from  the  specimens  and  profiled  by  polishing 
in  from  the  edge.  The  results  of  the  profiling  are  presented  in  Figure  15. 
As  can  be  seen  from  the  figures,  not  only  are  the  cracks  in  Ti-2  and  Ti-6 
mucli  larger  than  those  previously  discussed,  they  are  also  corner  rather 


than  surface  cracks.  Tlie  cracks  extend  almost  one-third  of  the  wav  across 


the  gage  width  of  the  specimens  and  are  over  one-half  the  thickness  deep, 
llie  large  size  of  tl>c  two  cracks  precluded  any  difficulties  with  the  . 


application  of  linear  elastic  fracture  mechanics  to  their  analysis  despite 
their  c rvs t a  1 1 ograph i c  nature.  As  was  the  case  for  tlie  5000u  long  surface 
crack  discussed  earlier,  crystallographic  effects  will  tend  to  average  out 
ov.  r  tile  length  of  the  crack  if  it  is  much  larger  than  the  grain  size.  Since 
the  cra>Kc-;  could  not  he  pr.iperly  treated  as  surface  cracks  and,  if  they  were 
treated  as  such,  their  ^Vc  ratio  would  be  greater  than  one,  these  cracks  were 


tu't  arruai.ihle  to  triMlment  by  the  previously  described  analvtical  approach. 

lo  o.'ercome  this  problem,  a  computer  program  was  used  (13)  that  is 
.  ijcd^le  ('f  c.iKulating  stress  intensities  for  several  crack  geometries, 
iiicluding  the  corner  crack.  Another  reason  for  the  selection  of  this  program 
-he  abilitv  to  incorporate  a  residual  stress  gradient  in  the  calculations. 

Ilie  j'rogram  is  called  Bit'.IK  (Boundary  Integral  Generated  Influence  Functions). 

Figure  Ih  shows  the  residual  stress  profile  measured  in  sample  TI-2  bv 
t:ie  d  vs.  sin  .  X-ray  teclinique  described  earlier.  Table  IV  gives  the  values 
c!  str'ss  alter  thev  have  been  corrected  for  beam  penetration  and  laver  removal. 
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TABLE  IV 

RESIDUAL  STRESS  PROFILE  IN  SAMPLE  Ti-2 


Residual  Stress 
(corrected  for  beam 


Depth  (u) 

Residual  Stress 
(as  measured)  (MPa) 

Residual  Stress 
(corrected  for  beam 
penetration)  (MPa) 

penetration  and 
layer  removal) 
(MPa) 

0.0 

-551 

-555 

-555 

10.2 

-599 

-600 

-563 

20.3 

-600 

-600 

-550 

27.9 

-602 

-600 

-540 

38.1 

-584 

-577 

-516 

45.7 

-532 

-533 

-482 

73.7 

-510 

-489 

-420 

1.01,6 

-360 

-355,5 

-302 

167.6 

-239 

-245 

-124 

33 


As  can  be  seen  from  the  data,  the  residual  stress  Initially  decreases  to 
a  maximum  compressive  stress  and  then  rises  sharply  as  the  depth  Increases. 

It  is  significant  to  note  that  an  extrapolation  of  the  curve  in  Figure  16 
to  zero  residual  stress  will  occur  at  only  212iJ  in  depth.  This  means  that 
the  residual  stress  field  had  a  significant  effect  on  surface  crack  opening 
even  when  the  crack  extended  over  four  times  as  deep  as  the  zone  of  significant 
residual  compression.  Although  the  exact  profile  for  Ti-6  is  oniy  presently 
being  determined,  the  depth  of  residual  stress  should  only  be  dependent  on 
peoning  intensity.  Since  the  two  specimens  were  initially  peencd  at  the 
same  intensity,  a  similar  result  is  expected  in  Ti-6. 

Since  tlie  residual  stress  field  in  Tl-2  is  complicated  by  the  fact  that 
the  edge  stress  field  is  much  more  Intense  than  the  polished  face,  initial 
calculations  wore  performed  for  Ti-6.  Only  a  very  slight  amount  of  material 
was  removed  from  tlie  surface  of  this  specimen  ('50ii).  The  residual  stress  field 
was  assumed  bv  scaling  the  profile  of  Ti-2  with  respect  to  the  surface  stress 
values  for  tlie  two  specimens.  For  purposes  of  the  calculation,  the  residual 
stress  was  chosen  to  go  to  zero  at  an  appropriate  depth  (approximately  250p 
as  obt.'Uiietl  from  tlie  scaling  factor)  and  remain  at  that  level  until  the  back 
surface  residual  compression  was  encountered.  Tliis  is  a  good  assumption 
since  the  depth  of  significant  residual  compression  is  small  in  comparison 
to  the  width  and  tliickness  of  the  specimen.  The  estimated  values,  given  in 
lable  V,  were  assumed  to  be  valid  around  the  perimeter  of  the  gage  section. 

The  calculations  will  be  repeated  when  the  actual  residual  stress  field  is 
oh  ta ined  . 

Results  of  the  predicted  values  of  SCOD  in  Ti-6  both  prior  to  and  after 
stress  relief  using  BIGIF  generated  stress  intensities  arc  presented  in 
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TABLE  V 


SCALED  RESIDUAL  STRESS  FIELD  USED  IN  CALCULATIONS  FOR 
SAMPLE  Ti-6 


Depth  (u) 


Residual  Stress  (MPa) 


0.0 

190.5 

254 


-862 

-945 

0 
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Table  VI  with  the  measured  openings  for  comparison.  Use  of  the  calculated 
surface  crack  tip  stress  intensities,  also  given  in  the  table,  yield  values 
of  opening  which  agree  very  well  with  those  observed  In  the  sample  both 
prior  to  and  after  the  removal  of  the  compressive  residual  stress  field. 

This  result  emphasizes  the  strong  influence  that  the  surface  stresses  have 
on  surface  crack  opening,  and  thus  crack  growth,  behavior.  Even  after  the 
majority  of  the  crack  has  moved  out  of  the  residual  stress  field,  the 
surface  opening  is  still  reduced  substantially  by  the  compressive  surface 
stress  state  and  consequently  surface  crack  growth  is  reduced.  This 
observation  has  strong  implications  for  retirement-for-cause  and  leak-before- 
brcak  approaches  to  component  design  and  removal  from  service. 
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TABLE  VI 

RESULTS  OF  BIGIF  CALCULATIONS  ON  SAMPLE  Ti-6 
FOR  APPLIED  STRESS  OF  559MPa 


„  K  (MPa)  SCOD*.  ,  (p-)  SCOD**,  ,  (y) 

Condition  sur _  _ (psur)  _ (meas) 


Prior  to 

Stress  Relief  4.7 


2.85 


3.1 


After  Stress 
Relief  21.5 


12.97 


11.34 


* 


Predicted  from  surface  crack  tip  stress  intensity 


(SCOD  =  4/^  (1-v^)  -|-) 


Measured 
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IV.  CONCLUSIONS 


1.  Surface  residual  stresses  can  significantly  influence  crack  opening, 
and  thus  crack  growth,  even  after  the  crack  has  grown  well  out  of  the 
zone  of  residual  stress. 

2.  The  analytical  approach  developed  in  this  program  can  be  used  to 
predict  the  opening  of  Mode  I  surface  microcracks  with  a  good  deal  of 
accuracy . 

3.  The  Influence  of  a  surface  residual  stress  field  on  surface  crack  tip 
stress  Intensities  and  crack  opening  behavior  can  be  accurately 
predicted  with  an  existing  computer  program  (BIGIF). 
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